The uppermost layer of the ocean, the sea surface microlayer (ML), covers more than 70 % of the world's surface. It is a sink for natural and anthropogenic material that determines its chemical composition. This article is aimed at providing novel data on the characterization of organic matter in ML and underlying waters (ULW) in the rarely investigated subarctic, north that organic substances in the films were mainly produced in the subsurface water. There was negligible fractionation of hydrophobic substances to the microlayer and even depletion of fatty acids was found in some ML samples. Fjords' surface waters were found to be very rich in fatty acids in July, up to 188 g/l, with high contributions of polyunsaturated compounds.
Gašparović, Blaženka; Plavšić, Marta; Ćosović, Božena; Saliot, Alain. Organic matter characterization in the sea surface microlayers in the subarctic Norwegian fjords region. // Marine Chemistry. 105 (2007) , 1-2; 1-14. DOI: 10.1016 DOI: 10. /j.marchem.2006 .12.010 -Postprint Version 3 found in subsurface water samples as compared to microlayer samples collected under calm sea conditions (Pogorzelski and Kogut, 2003) .
Valuable information concerning the nature and properties of organic substances in natural waters can be obtained by studying the interaction of metal ions with organic matter (Buffle, 1988; Paulson et al., 1994; Plavšić et al., 2006) , which could influence their availability to aquatic organisms and their association with particles and sediments in the system. The amount of complexing ligands can be determined by the titration of the sample with a standard copper solution and following the progress of the titration with anodic stripping voltammetry (DPASV) .
The objective of the present study was to investigate and characterize organic matter in the sea-surface microlayers in the Norwegian subarctic fjords, a region that has been poorly investigated for organic matter up to now. The characteristics of the investigated microlayers were compared to the underlying water for the estimation of enrichment of organic substances between bulk water and the top layer of the seawater. There are only a few measurements from the surface microlayers in high latitude areas anywhere (Knulst et al., 2003; Calace et al., 2004; Bigg et al., 2004; Leck and Bigg, 2004) . The investigated North Norwegian fjords are characterized by relatively high temperature for high-latitude fjords and negligible influence by glaciers. The amount of solar irradiation and day length periodicity create particular conditions for the seasonal progression of biological processes in the fjords.
Ambient solar radiation in this region in the spring-summer period has marked inhibitory effects on phytoplankton photosynthetic rates (Helbling et al., 1996) . Here, in studying sea surface microlayers, major attention was given to surface active properties of organic substances owing to their expected dominant role in processes at the air/sea phase boundary.
Experimental
Nine pairs of sea surface microlayer and the underlying seawater samples were collected in subarctic Norwegian fjords, in late spring and summer in Organic matter characterization in the sea surface microlayers in the subarctic Norwegian fjords region. // Marine Chemistry. 105 ( General environmental conditions are presented in Table 1 . Air temperatures were between 10 and 20 °C, seawater temperatures were between 11 and 14 °C, and sea surface microlayer temperatures were higher than in the underlying water by 1 to 2.5 °C and were even higher by 6 °C for the sample taken at early June, 2003. Data on solar irradiation and wind speed are presented in Table 1 as well. (Falkowska, 1999; Momzikoff et al., 2004) . Underlying water was collected by immersing a 1 l glass bottle at a depth of ~ 10 cm.
To separate particulate and dissolved organic material, seawater samples were manually filtered (-50 kPa) immediately after the sampling, using precombusted (450 C/5 h) Whatman GF/F glass fibre filters (0.7 m pore size) on a Millipore all-glass filter holder.
The unfiltered samples for complexing capacity measurements were frozen (-20 °C) immediately after sampling and were kept so, for one month (ISO 5667-3:1994) , until analysis were performed. Prior to analysis, the samples were maintained at room temperature overnight (18 -20 0 C ) for complete thawing.
Sample bottles were cleaned first with chromic-sulphuric acid, and subsequently with 10 % nitric acid and properly rinsed with Milli-Q water. A screen for microlayer sampling was washed-out with ethanol, Milli-Q water, 10 % nitric acid, Milli-Q water and properly rinsed again in the seawater for prolonged time before sampling.
Seawater temperature was measured on board immediately after the sampling with a mercury-in-glass hand thermometer that has the scale graduated by one degree. Hence, the overall accuracy would be  0.5 °C. The salinity was measured with an Atago S-10 (Japan)
hand refractometer with an accuracy of 1 salinity unit.
DOC analysis
The DOC concentrations were determined by using a sensitive high temperature catalytic oxidation (HTCO) technique. A Model TOC-500 System (Shimadzu) with highly sensitive Pt catalyst and a non-dispersive infrared (NDIR) detector for CO2 measurements was used. The blanks for DOC were less than 3 %, respectively, of the lowest detected concentration. The overall average standard deviation was 0.04 mg l -1 (n = 30). Some cuvettes were broken during transport so some data are missing. Total lipids were extracted by dichloromethane for fatty acid analysis. Briefly, after conversion into methyl esters the fatty acids were analysed by capillary gas chromatography and structures confirmed by mass spectrometry; details are given elsewhere (Derieux et al., 1998; Brinis et al., 2004) . Fatty acid (FA) analysis allows a distinction to be made between autochthonous and allochthonous sources of organic matter (Saliot et al., 2002 the presence of saturated fatty acids with more than 22 carbon atoms.
Fatty acid analyses
The detection limit was 6 ng/l and the precision was about 3 -10 % in absolute weight.
Fatty acids are designated for example as 18:17, where 18 is the total number of carbon atoms, 1 is the number of double bonds and 7 is the position of the double bond in the carbon chain from the terminal methyl group as indicated by the Greek letter omega.
Characterization of SAS
Surface active substances (SAS) were analyzed by nondestructive electrochemical methods. Using o-nitrophenol as an electrochemical probe, as described in previous papers (Gašparović and Ćosović, 1994; , concentration of SAS (surfactant activity-SA) of the complex mixture of organic substances in natural seawater samples is determined as the equivalent concentration of the nonionic surfactant Triton-X-100 (T-X-100). The relative acidity of organic substances in the seawater sample is determined from the increase of the onitrophenol prepeak height and comparison with the effects of the selected model substances (Gašparović et al., 1998a; Gašparović and Ćosović, 2003) . Total SAS (SAST) were determined from the unfiltered sample, while dissolved SAS (SASdiss) were determined from the filtered sample, and the difference between concentration of total SAS and dissolved SAS is arbitrarily called "particulate SAS" (SAS"p").
Adsorption effects of SAS at the mercury electrode were measured by phase sensitive alternating current voltammetry (out-of-phase measurements) (Ćosović and Vojvodić, 1982) .
The method is based on the principle that adsorption of SAS causes a decrease of the double layer capacitance which depends on the quantity and the hydrophobic properties of SAS. A second property that is followed is the appearance of desorption peaks whose desorption potentials as well as shapes are substance-related (Vojvodić et al., 1994) .
Adsorption properties were investigated in the original natural samples and in the ex-situ reconstructed films (Gašparović et al., 1998b) . Ex-situ reconstructed films were made by spreading extracted lipids at room temperature on aqueous 0.55 mol/l NaCl solution as the subphase and then transferring them to the mercury electrode by vertically dipping the electrode through the film (Nelson and Benton, 1986; Kozarac et al., 1991) .
Cu complexing capacity determination
The complexing capacity was determined in nonfiltered ( detailed procedure (Plavšić, 2003; Scoullos et al., 2004 ) and calculations have been described elsewhere (Ružić, 1982; Van den Berg, 1982) . The same method of calculation is applied in other papers, e.g. Bazzi et al., 2002 and Andrade et al., 2006 .
Results
The characteristics of the investigated sea surface microlayers and underlying waters are presented in Tables 2, 3 , 4 and 5. Enrichment factors (EF) were calculated as the ratio of the concentration of a certain parameter in the given sea surface microlayer (ML) sample to that in the corresponding underlying water (ULW).
Organic matter distribution in the sea surface microlayer and the underlying water
DOC values (Table 2) Table 3 . The characteristic molar POC/PON ratio of the samples was around 10
for the surface water and in the deeper layer below 50 m depth. Lower POC/PON values were determined at the middle depths, which correlates with increased values of the chlorophyll a in the same samples.
Fatty acids
Fatty acid distribution can be used to distinguish between various sources. The abundance of MUFA and PUFA versus saturated fatty acids (SAFA) provides information on the state of degradation of organic matter, as the degree of instability of FA is directly dependent on the number of double bonds (Goutx and Saliot, 1980) . The results of fatty acid analyses are presented in Table 4 . Total FA concentrations vary from 2.1 to 188.3 g/l. In the majority of the investigated samples saturated fatty acids (SAFA) were dominant in the fatty acid fraction (30 to 86 %). Exceptions were ML and ULW of sample 1a where major contributors to the fatty acid pool were unsaturated fatty acids.
PUFA represent fresh material, as they are very labile compounds. PUFA contributions to the total FA were between 0.4 and 43.1 %. Higher concentrations were found in July 2001.
Total polyunsaturated FA C20:5 and C22:6 were enriched in the ML. C20:5 and C22:6 are often the major FA in phyto-and zooplankton (Sargent et al., 1976) . Exceptionally high C20:5 and C22:6 concentrations were found in ML 1a and ULW 1a; 19.9 and 11.9 g/l, respectively.
Branched FA (BrFA) including also saturated FA C15:0 and C17:0 (Goosens et al., 1986; Saliot et al., 1988) 
Surface-active substances
Total concentrations of SAS (SAST) ( Table 2) As presented in Table 3 for the microlayer and bulk water samples at the station 5 in 2003, total surfactant activity values were normalized to the total organic carbon content (DOC + POC), while the data for SASdiss were normalized to the DOC content. All normalized surfactant activity values fall in the range from 0.047 to 0.087 except one which is > 0.10 for the nonfiltered microlayer sample. Higher values belong to the organic matter in the more productive upper water layer. We have not observed, in general, higher SA/DOC ratios for microlayer samples compared to the underlying seawater.
From the relative acidity values (Table 2) we attempted to estimate which type of organic material contributed to the surfactant activity, more acidic humic and fulvic surface-active organic matter (relative acidity 20-25 l/mg), or biogenic organic matter such as proteins, polysaccharides and lipids, having lower relative acidity (2.5-15 l/mg). The relative acidity values of organic matter in MLs were low, between 3 and 7.4 l/mg. In the ULW samples relative acidities were in the range of 3.2 -15.9 l/mg. Some relative acidity values could not be estimated due to the limitation of the method that is usable for SA values lower than approx. 0.16 mg/l T-X-100 (Gašparović and Ćosović, 2003) .
The adsorption characteristics of naturally present organic substances in ML 3c and ULW 3c samples are compared with those of extracted lipids from ML 3c. In Fig. 2 the capacity current-potential curves are presented for ML and ULW samples from site 3 c, as well as for the dichloromethane extract of ex-situ reconstructed lipid film of the ML 3c. The decrease of the capacity currents recorded for ULW and ML 3c (curves 2 and 3, respectively) in respect to that of seawater without SAS adsorption (curve 1) can be clearly observed. This decrease is result of adsorption of SAS. Also, due to a higher concentration of SAS in the microlayer than in the underlying water the capacity current of ML detected at the starting potential (-0.35 V) is significantly lower than that corresponding to the ULW for the same adsorption time. The similar shape of the curves corresponding to ML and ULW samples indicates the presence of same types of organic substances, as well as a prevailing dominance of macromolecular organic substances (Vojvodić et al., 1994) . The current-potential curve corresponding to ex-situ reconstructed film (curve 4 in Fig. 2) shows a shape typical for natural lipids, exhibiting a characteristic lipid desorption peak at a potential near -1.2 V and differs significantly from that of original ML sample (curve 3).
Cu complexing capacity
In The relative stability of the formed Cu complexes could be compared through the apparent stability constant (log K) values. Determined log K values for all samples are in the range of 6.8 -7.8. There is no significant difference in log K values calculated for microlayer samples and underlying seawater samples from the area.
Total copper concentrations (dissolved + particulate) were determined at pH = 2.0. In Fig The complexing capacity data normalized in terms of the DOC concentrations (LT/DOC) measured in the same seawater samples (Mantoura, 1981; Scoullos et al., 2004) are given in (Voelker et al., 2000) . Exposure to sunlight of marine surface microlayer samples (coastal and oceanic ones) resulted in the higher yields of low molecular weight carbonyl compounds in the surface microlayer than in the bulk seawater by a factor of 1.1 -25 suggesting the higher photoproduction rate of these compounds in the surface microlayer (Zhou and Mopper, 1997) .
The value LT/SA, the complexing capacity data normalized to surfactant activity of the same seawater sample, gives information on complexing capacity of the part of the organic matter exhibiting at the same time surface active properties ( Table 5 ). As can be seen the highest amount of this type of ligands has been present in the ML and ULW samples 1, taken in July, 2001, 8.3 and 2.7, respectively.
Discussion
The DOC values in the sea surface microlayers detected for the region of Norwegian subarctic fjords (Table 2 ) are comparable to other coastal, unpolluted seas. Taking into account that different authors use different methods of sampling sea surface film, i.e. collect films of different thickness (Zuev et al., 2001; Momzikoff et al., 2004) , comparison is made only for the films sampled by the screen sampler. The reported DOC values for sea-surface films of the California coastal region were in range of 0.86 -1.66 mg/l, with a mean EF of 1.4 (Williams et al., 1986) . For the North Adriatic Sea DOC values were 1.35, 1.39 and 3.24 mg C/l (Gašparović et al., 1998b) . Significantly higher DOC values, from 4.2 to 20.4 mg/l were reported for the Chesapeake Bay region, which is a closed marine system highly influenced by urban and agricultural activities (Liu and Dickhut, 1998) . According to Carlson (1993) the average microlayer DOC excess (ML concentration minus bulk water concentration) in data compiled from coastal and oceanic waters is around 1 mg/l with the result that most ML enrichment factors are small (< 2).
Total fatty acid concentrations in the surface waters of the north Norwegian fjords, up to 188 µg/l, as determined in July 2001, are much higher than those reported for the Mediterranean Sea, 1 -50 g/l (Marty et al., 1988; Derieux et al., 1998; Gašparović et al., 1998b) . This is in accordance with the observation that phytoplankton from colder waters are generally richer in lipid material (Sargent et al., 1977; Falk-Petersen et al., 1990 ). Higher contributions of PUFA and BrFA, which indicate higher plankton and bacterial abundances, were found in July. High levels of PUFA in plankton are due to the physiological importance of PUFA at low temperatures (Copeman and Parish, 2003) . The contribution of the unsaturated FA to the total FA indicates that organic matter was really "fresh" as unsaturated acids are labile compounds, especially PUFA that are susceptible to UV and microbial degradation.
The observed surfactant activities as well as enrichment factors of SAS in the ML of north Norwegian fjords are comparable to those reported for MLs from early spring in the North Adriatic (Marty et al., 1988; Gašparović et al., 1998b) . The enrichment factors of SAS in the Adriatic Sea that were published earlier are mainly more than 2, and are much higher in comparison to the enrichment of DOC (Ćosović et al., 1985) . The surfactant enrichment in the ML of the north Norwegian fjords is on average similar to the DOC enrichment suggesting that more hydrophilic substances, that exhibit lower surfactant activities, are dominant in this natural boundary layer in the subarctic region at investigated season. In spite of the fact that fatty acids as the component of the lipid material were detected in considerable amounts in the north Norwegian surface seawater samples, they represent less than 10 percent of the organic matter content. The contribution of the lipid material to the total surfactant activity is not a dominant one. Indeed this is confirmed by the investigation of the adsorption characteristics of SAS in the original and ex-situ reconstructed films, as presented in Fig. 2 .
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Very similar values of SA/DOC ratio were obtained for MLs and corresponding ULWs which imply that similar types of SAS contribute to the surfactant activity of both ML and ULW, i.e. the ML is not specifically enriched in hydrophobic substances. Low SA/DOC values (Tables 2 and 3 ) are characteristic of more hydrophilic substances, such as polysaccharides. The hydrophilic nature of the present SAS was also determined by reflection spectroscopy measurements (Kozarac et al., 2005) .
In the north Norwegian fjords an inverse relation between surfactant activity and the acidity of organic matter was determined in the upper 40 m layer in late spring/summer period (Gašparović et al., 2005) . Freshly produced biogenic organic matter of phytoplankton origin is surface active and has at the same time lower relative acidity than more refractory humic material. The relative acidity values of organic matter compared between ML and ULW samples, as for example in August 2002, showed a higher abundance of less acidic organic material in the microlayers.
From the surfactant activity measurements (low SA/DOC values and SAS enrichments in
MLs, low acidity, same adsorption properties in the ML and ULW) it may be concluded that surface active organic matter in the microlayers in the North Norwegian fjords at the times of sampling mainly originated from new phytoplankton production. This was also observed for the upper 40 m mixed layer in these fjords in same period (Gašparović et al., 2005) . Some authors have pointed to the importance of the presence of complexing ligands of low molecular weight (around 270 Da) in seawater, which are suggested to be produced in situ by organisms (Vachet and Callaway, 2003) . Phytoplankton release strong complexing organic ligands that affect dissolved copper speciation (Waeles et al., 2005) . Many classes of low molecular weight compounds, with molecular mass between 100 and 1000 Da exhibit Cu binding in seawater, for example, amino acids, carboxylic acids, and thiols. Carbohydrates in general have low Cu complexing capacities (Gimenez et al., 1995 In August the LT values were low in comparison to those in June and July. Note that photochemical conversion of organic matter by sunlight may lead to other low molecular weight organic substances, such as, for example, carboxylic acids (Pullin et al., 2004, and refs therein) . The increased sunlight irradiation and daylight period in June and July in the upper surface layer of the investigated sub-arctic region,  69 N, 19 E, may have led to the increased concentration of ligands that may complex Cu ions, as reflected in the high EFLT, 1.45 -5.11 of these samples.
There are no data in the literature about complexing capacity in microlayer samples to our knowledge; so, direct comparison with our data is not possible. The values for complexing capacity of natural seawater samples from the Adriatic Sea and coastal region of the Aegean Sea were between 0.02 and 1.00 µM Cu (Scoullos et al., 2004; Plavšić et al., 1982; Plavšić, 2003) .
The apparent stability constants (log K) in ML and ULW samples at one sampling site are approximately the same. Differences in log K could be seen between different sampling sites.
In August the range of the apparent stability constants (log K 6.8 -7.4) is the lowest. The highest log K value was detected in June (log K = 7.8 for ML 5). This would imply that in June ligands possessed high affinity for Cu ions.
The composition and the concentrations of (surface active) organic substances in seawater are highly dependant on phytoplankton production, which is seasonal. Therefore it may be expected this would be reflected in the concentration of surface active substances in the sea surface microlayer. Late March to late April is a period of the spring bloom that is followed by an additional increase in primary production in the May-June period, due to fresh-water run-off. Primary production is usually rather low for the rest of the year (Eilertsen, et al., 1981; Eilertsen and Taasen, 1984 (Knulst et al., 2003) .
Conclusions
In North Norwegian fjords organic matter in the sea surface microlayer is similar to that in the underlying seawater regarding its adsorption properties, surfactant activity normalized to organic carbon content, and apparent stability constants (log K) for Cu complexing.
Therefore, we conclude that film formation and enrichment of dissolved organic and surface active organic material in the microlayer is derived mainly from organic substances that are present in the subsurface water. An important characteristic of fjord films is relatively low enrichment of SAS. In some cases fatty acids were found in subsurface seawaters of fjords in very high concentrations, up to 188 g/l, while at the same time being depleted in the microlayer. The present organic matter pool is mostly hydrophilic even in the ML.
Investigation of acidic properties revealed more acidic substances in the ULW as compared to the ML samples. A low relative acidity of organic substances in the upper layer in late spring/early summer corresponds to freshly produced biogenic organic matter of phytoplankton origin. The enrichment of complexing ligands was generally higher compared to DOC and SAS enrichments, which is in accordance with the fact that complexing ligands represent only 1 to 10 percent of DOC content and they may possess specific reactivity. 
